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Ferromagnetism below 19 K Due to Unpaired 
Spins on Fullerene Molecules 

DRAGAN MIHAILOVICa, ALES MRZELa, ALES OMERZU", 
POLONA UMEKa, ZVONKO JAGLICICb and ZVONKO TRONTELJb 

'Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia and bInst. of 
Mathematics, Physics and Mechanics and Faculty of Mathematics and Physics, 

University of Ljubljana, Jadranska 19, Ljubljana, Slovenia 

We report on synthesis and physical properties of a fullerene (3-aminopheny1)- lH-l,2-meth- 
ano-[60]-fullerene-cobaltocene, a molecular organic ferromagnet, with a Curie temperature 
of 19 K. Near-infrared, mid-infrared and electron spin resonance spectra show that spins 
reside entirely on the fullerene units from which we deduce that the ferromagnetism is a con- 
sequence of the ordering of spins solely on the fullerene units. The ferromagnetic state of the 
compound is characterized by a low saturation field of 40 oersted and a hysteresis of less than 
1 oersted. 

Keywords: molecular magnetism: susceptibility; fullerenes; ferromagnetism 

INTRODUCTION 

The discovery of a new organic material, with clear indications of 

ferromagnetism at low temperature, namely tetrakis(dimethy1amino)ethylene- 

ChO (TDAE-C60)i'1 in 1991 raised hopes that FM compounds based on 

hllerenes with higher T,s would soon follow. However. in spite of intensive 

search for new hllerene based compounds by many groups using different 

donors (D) and fullerene acceptors (A)'*'. TDAE-C~O has hitherto remained 
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416 DRAGAN MIHAILOVIC et a1 

unique, with its Curie temperature of  T, = 16.1K remaining up till now also 

the highest for any purely organic system. Consequently, subsequent research 

in the field was mainly devoted to the elucidation of its complex magnetic and 

electronic properties and seven years since its discovery, the existence of 

ferromagnetism is still being debated13’4.6-91, with the most recent experiments 

on high-quality single crystals apparently confirming the original claims that 

TDAE-C~O is a ferromagnet ‘lo], albeit possibly with a reentrant low- 

temperature spin-glass phase‘”]. However, the apparent uniqueness of this 

compound strongly suggested that the spin on the TDAE’ donor molecule is 

essential for ferromagnetic ordering, so that synthesis of other new 

ferromagnetic fullerene compound would be very unlikely. In the mean time, 

focus has shifted to other materials, and two other non-fullerene based organic 

ferromagnets have been discovered since ‘12-’4’, and a new organic canted 

antiferromagnet (CAFM) was reported recentl$’’l based on a dithiadiazolyl 

radical p-NC.C6F4.CNSSN* which, although not a proper ferromagnet, 

showed spontaneous spin canting and ordering below 35.5K. 

In this paper we report on the synthesis of a new material exhibiting 

clear evidence of ferromagnetism below a Curie temperature of T, = 19 K. 

The compound is a charge transfer complex, (3-aminophenyl)-lH-1,2- 

methano-[60]-fullerene cobaltocene (APhF-Co) and is composed of a 

fullerene derivative molecular acceptor and a metallocene donor dicyclo- 

pentadienyl-cobalt (Cp2Co or cobaltocene). 

Regarding the acceptor, among various method for functualization of 

C6” which yield well characterised monoadducts, the cycloaddition of diazo 

compounds producing methanofullerene is one of  the simplest ‘I6’ .  The 

electronic properties of methanofullerene including (3-aminopheny1)- 1 H- 1,2- 

methano-[60]-fullerene were found to be similar to parent molecule and 
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FERROMAGNETISM BEL 19 K DUE TO UNPAIRED SPINS 417 

acceptor properties are retained which is an important requirement for doping 

and formation of charge transfer complexes ‘I6]. 

The donor molecule cobaltocene is unusual because it has no spin in the 

oxidized state”” and cannot contribute to the magnetic ordering. Hence the 

ferromagnetic state in APhF-Co is a result solely of the alignment of n- 

electron spins on the hllerene units. Together with extensive measurements of 

its magnetic properties using AC susceptibility, SQUID magnetisation and 

electron spin resonance (ESR), we present a detailed characterisation of  its 

electronic structure using inErared and optical measurements. 

EXPERIMENTAL 

(3-nitropheny1)- 1 H- 1,2-methano-[60]-hllerene was obtained by reaction 

3-nitrophenyldiazomethane and Cb0 in toluene solution. (3-amhophenyl)-l H- 

I ,2-methano-[60]-hllerene (APhF) was synthesised with reduction of (3- 

nitropheny1)-IH- 1.2-methano-[60]-fullerene with activated iron and isolated 

by flash chromatography”8’. The charge transfer complex APhF-Co was 

synthesised by mixiig a toluene solution of cobaltocene and APhF in the 

molar ratio of 1 : I .  The resulting black precipitate was washed several times 

with toluene to remove unreacted compounds, then with h e m e  and finally 

dried in vacuum. The structural units of the compound are shown 

schematically in the Figure 1. 

Slow precipitation and crystallisation of the powder in the reaction of 

APhF with CoCp was found to be crucial for synthesis of FM samples. The 

infrared spectra and optical spectra were measured with Bomem MB 160, 

and HP UV-Vis spectrometers in KBr and tetrahydrofuran, respectively. ESR 

was measured using a Brooker ESR-300 while AC susceptibility was 
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418 DRAGAN MIHAILOVIC et ul. 

measured with an ACSuS susceptometer, and the DC magnetization 

measurements were performed in a home-made SQUID magnetometer. AU 
measurements were performed on powder samples kept in an inert 

atmosphere. 

C6rHPh(3)NH2 CPzcO 

FIGURE 1 A schematic picture of the molecular building blocks in APhF-Co 

OPTICAL AND VIBRATIONAL CHARACTERIZATION 

The evidence that materials synthesized from derivatives are 

charge transfer complexes containing derivatives as monoanions is: 1 .) A 

strong room temperature ESR signal corresponding appoximately to  one spin 

per fullerene molecule 2.) strong absorption in the NIR region at about l e v  

(1200 run) corresponding to a fullerene anion transition between the HOMO 

and LUMO of APhF- and 3.) characteristic vibration mode shifts in the mid- 

infrared vibrational spectra. 

The most important evidence for full CT in solid APhF-Co comes from 

vibrational spectroscopy. As expected. in APhF-Co the four main hllerene- 

based modes are distinctly frequency shifted to 524,572. 1191 and 1388 cm-'. 

respectively in excellent agreement with shifts in C 6 i  anions in other doped 

fullerenes"". Careful examination of the APhF-Co spectra reveals no evidence 
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FERROMAGNETISM BEL 19 K DUE TO UNPAIRED SPINS 419 

of the 1427 cm-' peak of neutral APhF, with the implication that there is no 

neutral APhF in the sample. The mid-infrared transmittance spectra of APhF- 

Co shown no evidence of any Drude absorption down to low kequencies, 

indicating that the material is most likely an insulator. 

MAGNETIC PROPERTIES 

The low-temperature magnetic susceptibility x(T) magnetization M of 

APhF-Co measured with two different methods is shown in Figure 2. 

3 
- 
L . 
-m 001  

s 
- 

0 00 

10 20 30 40 

Temperature (K) 

Figure 2. a) The SQUID magnetization M of APhF-Co as a fimction of T 
measured with Kn = 30 Oersted shows an onset at T = 19 f 0.3 K. The 
magnetization curve at 4.2 K measured using the SQUID magnetometer 
showing full saturation at H. = 40 Oersted is shown in the insert. b) The AC 
susceptibility L~(T) shows a similar temperature dependence as the SQUID 
magnetization and the M-H curve measured by the AC susceptometer at H = 
40 Oersted confirms the SQUID measurements with full saturation at 40 
Oersted. 
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420 DRAGAN MIHAILOVIC et ul. 

The DC magnetization M(T) measured with a SQUID at H=30 Oersted 

(Fig.2a)) shows a rather characteristic rise below 18.5 K. In contrast, the AC 

susceptibility shows a similar abrupt increase near 19 K (Fig.2b)) and 

saturates rapidly, reaching a near-constant value x = 2.7 emdmol at 17 K. 

The magnetization curves measured directly using a SQUID magnetometer 

(insert to Fig. 2a)) and indirectly with an AC susceptometer and calculated 

from M(H)= jXacdH (Fig. 2b)) both show complete saturation at M z 0.045 

pH1f.u. at a relatively low field of H=40 Oersted (Fig.2). 

The data exclude the possibility of spin-canted antiferromagnetism in 

this compound, since application of higher fields above 40 Oe does not 

increase M consistent with the suggestion that APhF-Co is a proper 

ferromagnet. In common with many other organic ferromagnets, APhF-Co 

shows no visible hysteresis within the accuracy of the measurements ( 1 

Oe.). 

In the X-band ESR spectra of APhF-Co above 26 K, u single strong 

symmetric line is observed (Fig.3a)) with g = 2.00, whose intensity is 

consistent with one spin per formula unit, confirming the absence of spins on 

the donor. No other h e  is visible which indicates that there is no neutral 

CplCo present"". The width of the line decreases monotonically kom 16 Oe 

at 300 K, to 2 Oe at 26 K, and shows no visible anomalies at intermediate 

temperatures. Below T 3 26 K, an additional l i e  appears, which grows in 

intensity upon reducing the temperature. The susceptibility xoFSR calculated 

from the intensity of this line is plotted as a function of T in Fig. 3b). We note 

that xot.sR shows a slight increase already at T= 25- 30K. In addition to the 

increase in static susceptibility. the T-dependent ESR line also shifts and 

broadens at low temperature. Although the broadening is difficult to measure 

accurately above T, a lineshift is clearly evident well above T,. at least up to 
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FERROMAGNETISM BEL 19 K DUE TO UNPAIRED SPINS 42 1 

30 K, which together with the increase in ~0"' could be interpreted as an 

onset ofFM above T,. 

3380 3400 3420 3440 3, 
B (Gauss) 

30 

0 20 40 60 80 100 
T (K) 

Figure 3. a) The integrated ESR intensity spectra of APHF-Co at different 
temperatures. Below 26 K an extra line becomes clearly visible. b) xoESR &om 
the ESR int.ensity starts to grow below 30 K. The insert shows a plot of 1/x 
vs. T. The negative intercept in suggestive of AFM correlations at higher 
temperatures. 

However, since no such increase in xo is observed above T, in 

measurements done with zero applied field. we attribute this effect to the 

external 3.4 kOe field of the ESR apparatus. The inverse ESR susceptibility 

xi'(T) of the FM h e ,  shown as a function of temperature in the insert to 

Figure 3b), suggests Curie-Weiss (CW) behaviour above T, with a negative 

temperature intercept of xi'(T) at T=-30 K. Below 26K. x i '  starts to depart 

significantly from the CW law, suggesting a change over 60m AFM to FM 

spin correlations. 
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422 DRAGAN MIHAILOVIC et (11. 

A COMPARISION OF TDAE C60 AND APhF-CO 

There are some distinct and important differences in the magnetic 

behaviour of APhF-Co compared to TDAE-C~O. First, APhF-Co shows a clear 

field-saturation of M below T,, whereas T D A E G  powder samples do not 

show full sat~ration".~', secondly the susceptibility X ~ C  below T, is 

temperature- independent in APhF-Co for H=O. while TDAE-C6" shows a 

distinct spin-glass-like cusp at low temperatures'" and finally in APhF-Co 

there is a conspicuous absence of anomalies in the ESR spectra for 100 <T< 

200 K which are a characteristic feature in TDAE-Cno. Some of these effects 

in I'DAE-Cno have been attributed to the molecular rotation of the c 6 0  

molecules ' 6 . 5 ' ,  which are believed to lead to a competition between spin-glass 

and FM interactions at low temperatures. Their absence in APhF-Co is 

consistent with inhibited rotational degrees of freedom of the APhF fullerene 

by the adduct, possibly explaining the absence of the glass-like behaviour and 

absence of anomalies related to the orientational ordering at intermediate 

temperatures. 

The saturation moment of -0.045 p~ Ku. in AC magnetization 

measurements (Fig.2b)) shows that typically only a few percent of the sample 

is ferromagnetically ordered. This is in agreement with X-ray analysis. which 

showed that the degree of crystallinity is of the same order. To emphasise the 

importance of the structure for achieving a FM state, we mention that Cp2 Co 

salts of ortho and para isomers of APhF also exhibit a full CT and, judging 

by their vibrational, NIR and UV-Vis spectra compared to the meta isomer. 

show no detectable difference in electronic structure. However, repeated 

attempts at obtaining a FM phase with these isomers have so far proved 

unsuccessful, the ortho and para isomers showing antiferromagnetic ordering. 
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FERROMAGNETISM BEL 19 K DUE TO UNPAIRED SPINS 423 

CONCLUSIONS 

To conclude. the saturation of the magnetization in both AC 

susceptibility and SQUID magnetization measurements together with infirared 

absorbance measurements enables us to classify APW-Co as an insulating 

organic molecular ferromagnet whose magnetic lattice is composed of a single 

molecular species and has the highest Curie temperature T, 2 19 K to date for 

a x-electron system. In contrast to TDAE-C~O, we have found no spin-glass 

properties, but rather distinct characteristics of a proper soft ferromagnet. The 

antiferromagnetic nature of other cobaltocene doped isomers of APhF appears 

to suggest that the main problem in synthesising new organic FM compounds 

is in achieving the appropriate molecular crystal structure which favours FM 

interactions at low temperatures. The simplified magnetic structure of this 

compound will hopefuUy lead to a better understanding of the microscopic 

nature of the distributed n-electron ferromagnetic exchange interactions in 

hllerene materials and eventually higher T,. 

Acknow ledgmen ts 

We wish to acknowledge support from a US-Slovene NSF grant and the ESF 

MOLMAG program for supporting part of this work. 

References 

P.M. Allemand, K.C. Khemani, A.Koch, F. Wudl, K. Holczer, S. Donovan, C. Cruner 
and J.D. Thompson, Science, 301,253 (1991). 

H. Klos, I. Rystau, W. Schutz, B. Cotschy, A. Skiebe and A. Hirsch, Chem. Phys Lett., 
224 333 I ( I  994); A. Otsilka, T. Teramoto, Y. Sugita, T. Ban and C. Saito, Synth. ~ V f C t d s ,  
70, 1423 (1995). 

R. Blinc, K. Pokhodnia, P. Cevc, D. Arcon, A. Omerzu, D. Mihailovic, P. Venturini, L. 
Golic, Z. Trontelj, J. Luznik, Z. Jaglicic and J. Pimat, Phys. Rev. k t r .  76,523 (1996). 

K. Tanaka, A.A. Zakhidov, K. Yoshizawa, K. Okahai, T. Yamabe, K. Yakushi, K. 
Kikuchi, S. Suzuki, I. lkemoto and Y. Achiba, Phys. Rev. B, 47,7504 (1993); K.Tan- 
aka, A.A. Zakhidov, K. Yoshizawa, K. Okahara, T. Yamabe, K. Yakushi, K. Kikuchi, S.  
Stizuki, 1. lkemoto and Y. Achiba, Phys. Lett. A, 164,221 (1992). 

K. Tanaka, Y. Asai, T. Sato, T. Kuga, T. Yamabe and M. Tokumoto, Chem. Phys. Lett., 
259, 1074 (1996). 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

22
 1

7 
A

ug
us

t 2
01

2 



424 DRAGAN MIHAILOVIC et ~ 7 k  

[6] D. Mihailovic, D. Arcon, P. Venturini, R. Blinc, A. Omerzu and P. Cevc, Science 268 
400 (I995), A. Lappas, K. Prassides, K. Vavekis, D. Arcon, R. Blinc, P. Cevc, A. 
Amato, R. Feyerherm, F. N. Gyrax and A. Schenk, Science, 267, 1799 (1995). 

[7] R.  Blinc, D. Arcon, P. Cevc, D.D.Mihailovic and A. Omerzu, Appl. Mug Res., 11,203 
(1996). 

181 A. Schilder, H. Klos, 1. Rystati, W. Schutz and B. Cotsc, Phys. Rev. Lerr., 73, 1299 
(1994). 

[9] A. Omerzu, D. Mihailovic, S. Tornic and N. Bisknp, Phys. Rev. k i t .  77,2045 (1996). 
[lo] D. Arcon, P. Cevc, A. Omerzu and R. Blinc, Phys. Rev. Lett., 80. 1529 (1998). 
[ I l l  A. Omerzu, D. Mihailovic, D. Mijatovic, Z .  Jaglicic and Z .  Trontelj (to be published). 
[I21 R. Chiarelli, M. A. Novak, A. R t and J. L. Tholence, Nutitre (London), 363, 147 

(1 993). 
[I31 Y. Nakazawa, M. Tamura, N. Shirakawa, D. Shiomi. M. Takahashi, M. Kinoshita and 

M. Ishikawa, Phys. Rev. B., 46,8906 (1992). 
1141 0. Kahn, Molecukur Magnetism (VCH publishers, New York, 1993). 
[I51 F. Palacio, G. Antorrena, M. Castro, R. Burriel, J .  Rawson, J.N.B. Smith, N. Brickle- 

hank, J. Novoa and C. Ritter, Phys. Rev. Lerr., 79,2336 (1997). 
[I61 F. Wud1,Acc. Chem. Res. 2.5, 157 (1992). 
[I71 E. Lifshitz. D.A. Cleary and A.H. Francis, Chem. Phvs., 127 (1988) 305; K. Kim, D.J. 

Liddle and D.J. Cleary, J.  Phys. Chem., 94,3205 (1990). 
[ 181 A. Mrzel, P. Umek. P. Cevc, A. Omerzu and D. Mihailovic, Curbon, 36,603 (1998). 
[ 191 T. Pichler, R. Winkler, H. Knzmany, Phys. Rrv. B., 49, I5879 ( I  994). 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

22
 1

7 
A

ug
us

t 2
01

2 


